Abstract: A category of microstructure is proposed, which consists of a seamless metallic film sandwiched in multi-layer dielectric films of Si and SiO 2 . Such a structure can support unimaginable high broadband electromagnetic transmission from visible to near infrared. The transfer matrix theory is used to perform the numerical experiment and analyze the transmission characteristics. It has been revealed that Fabry-Pérot and bulk plasmon resonant modes excited in the composite structure contribute to the high broadband transmission that is weakly dependent on the geometry parameters and the polarization and incident angle of the light. When using a 15-nm Ag film, the calculated structure's sheet resistance is $ 2 =sq, which is superior to that of indium tin oxide glasses, thus making promising applications in optoelectronic devices, especially in photovoltaics.
Introduction
A metallic film (MF) can reflect most of the electromagnetic (EM) energy from the visible to radio spectrum regime due to its high conductivity. For a very thin ($10 nm) MF, such a reflection feature obstructs its applications in modern optoelectronic industry such as acting as optical filters, transparent electrodes in solar cells, flat panel displays, light emitting diodes and so on. For these optoelectronic devices, a high transmission of light through MF is necessary. A simple way to enhance the transmission is to carve channels (holes or slits) in the MF, for which the extraordinary optical transmission phenomena of lights were observed [1] - [5] , which are widely explained as the excitation of surface plasmons resonance [1] - [4] or spoof surface plasmons for highly conducting metals [6] and/or the Fabry-Pérot (FP)-like cavity mode resonances in these optical channels [5] , [7] . However, these transmissions are usually narrowband due to their resonant nature.
Recently, Zhang [8] evidenced a mechanism to tunnel light through a seamless MF in a broadband spectrum (with full width at half maximum (FWHM) of 39% around 1 m) by the hybridization of the symmetric and antisymmetric plasmon modes excited in the structure. Two blackbody-like plasmonic nanostructures are attached on the top and bottom of the MF. However, the plasmon resonant modes supported in this structure are strongly geometry-dependent on the carved nanoscale structures. Moreover, the patterning can greatly increase the sheet resistance and complexity especially when it is integrated in an optical system. Similar work was previously reported by Hao [9] , and an incremental work was recently published [10] . Other related progresses about broadband transmission were also published [11] - [14] .
In this paper, we devote to develop such metamaterials which have properties of weakly geometry-dependent high broadband transmission (BT) extending from visible to near infrared. To do so, we propose a composite sandwich structure (CSS) that consists two sets of sandwich dielectric substructures with one seamless MF in between. The sandwich dielectric substructure consists two thin layers of Si with one thin layer of SiO 2 in between. It is seemingly difficult for such a CSS to realize a high BT because the seamless MF can reflect and the multi-layer dielectric films can absorb a lot of EM energy. The CSS, however, can support some resonant modes, such as FP resonant modes and red-shifted bulk plasmon resonant mode. On one hand, high transmission can be obtained near the resonant frequencies of these modes. On the other hand, multiple resonant modes working together can open up a BT window. So, a high BT can be expected. Note that the proposed CSS is physically different from the structure suggested by Zhang [8] and Hao [9] since the strongly geometry-dependent surface plasmon resonance can't be excited in the CSS for the normally incident light. Besides, the features of the resonant modes in the CSS are weakly dependent on the geometry. Therefore, the proposed CSS is expected to support a weakly geometry-dependent high BT. Tunneling light trough metallic films at some narrow spectral range were previously reported [15] , [16] .
In order to demonstrate the above physical vision, the propagation of EM fields in the CSS is computed using the well-known transfer matrix theory (TMT) [17] . It has been confirmed that the transmittance of the CSS is larger than 90% from 0.6 m to 1.1 m. As evidenced, the BT is not only robust against the structural dimension mismatches between the upper and lower substructures, but also against the polarization and incident angle of light. Besides, the sheet resistance of the whole structure is estimated to be $ 2 =sq for Ag MF [18] , which is much smaller than that of indium tin oxide glass. These features makes the CSS promising acting as transparent electrodes applied in optoelectronic devices, especially in photovoltaics. As presented, the free-standing Ag film (D) reflects most of EM energy, especially in the longer wavelength range. However, when additional lossy dielectric films are gradually attached to it, the transmittance increases dramatically, which is counterintuitive to our knowledge that light propagates through lossy material undergoes more attenuation. tively. In such a case, the transmittance has been boosted higher than 80% in a wide wavelength range ð0:619 m $ 1:195 mÞ. Surprisingly, if another two dielectric films AA 0 is added as caps, the transmission could be greatly optimized due to another transmission peak 6 arising at ¼ 0:579 m. Meanwhile, modes 4 and 5 have been shifted to 7 and 8, respectively. Now, the high transmission window ðT > 80%Þ extends from 0.53 m to 1.25 m, especially in the range 0:60 m $ 1:10 m, over 90% transmittance can be maintained. For comparison, the transmittance of only the upper half substructure ABCD is also presented. However, the performance degrades even though the total thickness of lossy material decreases.
High BT Phenomenon

Physical Interpretation of High BT
Phenomenologically, the high BT window of CSS should be contributed by three resonant modes 6, 7, and 8, as shown in Fig. 1(b) . We now endeavor to explore the physical origins of these modes by investigating the evolution of transmission from simple substructures to the composite structure. It has been obviously observed that the modes 7 and 8 evolve from the modes 2 and 3 supported in the substructure CDC 0 . We hence analyze the transmission characteristics of CDC 0 with two sets of parameters corresponding to the modes 2 and 3, as shown in Fig. 2(a) and (b) , respectively. The mode 6 is investigated by analyzing the full structure ABCDC 0 B 0 A 0 , as shown in Fig. 2(c) .
In Fig. 2(a) , CDC 0 is analyzed under different values of h D but with a fixed value of h c ¼ h c 0 . An extreme case, i.e., the Ag film D does not exist, is considered first, which can be described by setting h D ¼ 0, corresponding to the red dashed line in Fig. 2(a) . It can be seen that one resonant transmission peak is observed, which in physics is the first-order FP resonant mode supported by the slab CC 0 . We then consider the case that the Ag film D exists. As presented, the mode is gradually red-shifted as the silver film thickness increases. The evolution obviously indicates that mode 2 originates from the first-order FP resonant mode in the slab CC 0 . The introduced Ag film D with thickness less than 30 nm doesn't obstruct this resonance but only increases the effective cavity length and thus red-shifts the mode. If the Ag film is too thick such as 50 nm, however, the transmission collapses down because the transmittance of the Ag film itself sharply decreases as its thickness increases.
Note that Fig. 2(a) shows there is another transmission peak in the longer wavelength region. This peak is actually associated with the mode 3. In order to further explore, CDC 0 is analyzed again under different values of h c ¼ h c 0 but with a fixed value of h D , as shown in Fig. 2(b) . As presented, there is an intrinsic transmission peak for a free standing Ag film (red dashed line), which in physics is the bulk-plasmon resonance of silver that results from the cooperative behavior of both the d band electrons and free electrons [20] . When a pair of symmetric dielectric films CC 0 is introduced with thicknesses being increased, this mode is gradually red-shifted. Particularly, when the film's thickness reaches some extent (e.g., h C ¼ h C 0 % 10 nm), seeing the purple dash-dot-dotted line in Fig. 2(b) , another transmission peak (purple arrow) appears near ¼ 0:45 m, which greatly pushes the bulk plasmon resonant mode to longer wavelength region. The appeared peak is in fact the mode 2. Accordingly, mode 3 is intrinsically the bulk-plasmon resonant mode in the Ag film, which is greatly red-shifted due to its coupling with the mode 2. Hence we can name it as the red-shifted bulk plasmon resonant mode.
Note that another phenomenon is also revealed in Fig. 2(b) , that is, the second-order FP resonant modes supported by CDC 0 will appear when the film's thickness is sufficiently large. The field distributions at the resonant frequencies of the modes 2, 3, 6, 7 and 8 are depicted in Fig. 3 . The shaded contours represent the absolute magnetic field distributions, while white arrows indicate the electric field vectors. Mode 2 corresponds to strong magnetic field concentration in the center of CDC 0 with antisymmetric electric field distribution with respect to the MF. The magnetic field for mode 3, however, is much stronger at the Si-Ag interfaces and the electric field is nearly symmetric to the MF. For mode 7 (and 8), its field distribution is obviously similar to that of mode 2 (and 3), revealing the evolutionary relationship between them. For the second-order FP resonant mode 6, additional node can be seen from the magnetic field distribution and electric field vectors.
From the analysis above, we can understand the physical mechanism forming the high BT. That is, the substructures of the proposed metamaterial can support the first-and second-order FP modes and the bulk-plasmon mode, and the interactions and coupling between them in the full structure lead to their hybridization and evolution, and the hybridized and evolved modes work together to form the high BT.
Influences of Structural and Incident Light's Parameters on High BT
In what follows, from the application viewpoint, we investigate the influence of structure parameters on the BT. Notice that the possible high BT behavior predicted above is based on the case that the upper and lower sandwich substructures are strictly symmetrical with respect to the MF. However, in practice, the accurate dimension matches between films A=A 0 , B=B 0 , and C=C 0 are very challenging to meet. In order to study the influence of the thickness mismatches on the high BT, three difference parameters are introduced as and 8 evolve from those modes supported by the substructure CDC 0 ; hence, they are sensitive to the dimensions of C and C 0 . In short, the larger the dimension mismatch between the upper and lower dielectric layers, the smaller the transmittance. Even so, the BT supported by the proposed structure still has large enough tolerance for the thickness mismatches, which are in the limits of the accuracy of modern nano-manufacture industry. Consequently, a robust high BT can be realized. In Fig. 4(d) , we study the influence of the metallic film's thickness. As can be seen, an optimized thickness about 10 nm can further broaden the transmission window. Fig. 5 shows the polarization and angular dependence of the BT. As shown, the BT can be maintained in a large range of incident angle ð0 $ 50 Þ for both TM and TE polarized light. For even larger incident angle ð> 50 Þ, the transmission of TM polarized light in the longer wavelength regime drops because of the blueshifts of resonant modes. For TE polarized light, larger incident angles separate the three resonant modes more as thus degrade the expected high BT.
and
For some applications, we need to change the work-function of operation conductors. Accordingly, the same structure but different metal materials is investigated, as shown in Fig. 6 . Four kinds of widely used noble metals are investigated. We can see that except for Al, the other three noble metals Ag, Au, and Cu share similar good transmittance. For Al, however, high absorption (comparable to its transmission, which is not shown here) has greatly suppressed the transmission. These differences are intrinsic for different metals, as shown in Fig. 6(b) , where the transmittances of four free standing metallic films with thicknesses of 15 nm are presented.
Basing on the above investigations, the proposed structure, with broad transparent window and very small sheet resistance Rs ($ 2 =sq for Ag), may be used in solar cells that need very low Rs to avoid undesired voltage drops and Joule heating during device operation [21] . For panel displays, however, one shortcoming of the structure is the very low transmission in the UV and purple region, but other applications such as UV protected sunglasses may be possible based on the structure.
Conclusion
In summary, we have proposed a multi-layer sandwich microstructure composed of a seamless metallic film and some dielectric films of Si and SiO 2 , which supports a high broadband transmission from visible to near infrared. The transmission is weakly geometry-dependent and robust against the structural parameter mismatches and against the polarization and incident angle of light. The proposed structure may be useful in the design of transparent electrodes applied in optoelectronic devices. 
